properly cited.
Introduction
Imaging the angiotensin II subtype 1 receptor (AT1R) with positron emission tomography (PET) has been achieved with the radioligand [ Figure 1 ) [1] . Radioligand retention derived from the resulting impulse response function has been used for quantification of radioligand binding in the kidneys [2] . Until now, no compartmental model has been proposed. In the presented paper, we used a compartmental model with two tissue compartments connected in parallel for processing of PET studies. Goal was to validate the feasibility of retention parameters of radioligand binding in vivo.
The purpose of the present work was to calculate radioligand retention using both the tissue time-activity curve and the impulse response function and correlate these retention parameters with the compartmental radioligand kinetic parameters in an animal model of renal ischemia followed by reperfusion. Due to lack of a transfer barrier in the kidneys, a parallel connectivity model was applied for curve fitting and parameter estimation. This is different from tracer kinetic models typically applied for brain receptor imaging where the presence of the blood brain barrier makes a serial connectivity model more applicable [3, 4] . Acute renal ischemia followed by reperfusion (IR) is a clinical problem often associated with kidney transplantation, hypoperfusion during surgery, acute infarction, and/or trauma of the organ [5, 6] . The molecular mechanism of tissue injury includes angiotensin II (Ang II) and the angiotensin subtype 1 receptor (AT1R) [7] . Previously, our group has shown that AT1R binding was upregulated in renal ischemia [2] and in myocardial IR [8] . This is the first study of the effects of renal IR on AT1R binding in vivo.
Materials and Methods

Animal Model: Ischemia Followed by Reperfusion (IR).
The study protocol was approved by Johns Hopkins University Institutional Animal Care and Use Committee. Ten domestic pigs with an average age of 3 months and average weight of 23 kg were included in the study. Five sham animals (controls) received angiography without arterial occlusion. Five pigs were subjected to acute occlusion followed by reperfusion (IR). In both groups, vascular surgical cutdown under general anesthesia was performed to access the common femoral artery in the right groin of each animal. A pigtail catheter (5F or 6F; Cook, Inc.) was placed into the left renal artery. Basal contrast angiography was performed to evaluate the renal arteries and the status of the vascular supply to the kidneys. For the IR group, an endovascular dilatation catheter with a 3-5 mm diameter (Cordis, Johnson & Johnson Co., ref. 438-5020S) was used to occlude the left renal artery via balloon inflation.
The occlusion lasted sixty minutes to achieve acute ischemic conditions. After that time, the balloon was deflated to achieve reperfusion. Contrast angiography was performed before, during, and after balloon occlusion in the IR group or before and after catheter insertion in the sham group (Infinix Celeve IS Angiographic X-ray Systems; Toshiba, Tokyo, Japan). Heparin (2500 units) was injected before the balloon occlusion to prevent renal artery thrombosis from intimal injury. MRI and PET were performed one week after IR or after sham to give a chance to reveal changes in receptor level if any. Blood chemistries, urine specific gravity and PH values, angiotensin II, aldosterone, and plasma renin activity (PRA) were measured on the day of PET imaging.
MRA Imaging.
Renal blood flow was evaluated by angiography, MRA, and O-15 water PET. Contrast angiography and MRA angiography images were analyzed by visual inspection. Perfusion changes were quantified by O-15 water PET. T1 weighted MRA images were obtained before and after gadodiamide injection with a 1.5 T CV/i MR scanner (GE Medical Systems, Signa HDe, Excite, USA) [2] . The animals were on mechanical ventilation, and the ventilator was stopped for the acquisition of each MR image to minimize the risk of respiratory artifacts. After gadodiamide, the MR scans were reconstructed and displayed as maximum intensity projection (MIP) images. (15) (16) (17) (18) (19) (20) (21) and specific activity of 81 ± 33 GBq/ mole (2200 ± 900 mCi/ mole). The receptor PET study sequence included 57 scans in 90 minutes with the shortest time of 5 seconds at the beginning and the longest time of 5 minutes at the end. PET scans were reconstructed with filtered back projection at a voxel size of 2 × 2 × 4 mm. Image smoothing was applied only for display but not during quantitative analysis.
PET Imaging.
Time-activity curves (TACs) were generated using the MIPAV software (Medical Image Processing, Analysis and Visualization; Center for Information Technology, National Institutes of Health, Bethesda, MD) with delineation of the kidney contour at 20% of maximal pixel activity within the organ using color threshold method. TACs were corrected for isotope decay and injected dose and were expressed in units of Bq/mL/MBq (nCi/mL/mCi) in order to minimize effects of organ size.
The input function required for compartmental and for noncompartmental (deconvolution) analyses was obtained from metabolite corrected arterial plasma samples. For this purpose, blood samples of 0.5 mL at increasing steps from 5 sec to 5 min were collected from the carotid artery, centrifuged, counted in a well-type counter (Compugamma CS Universal Gamma Counter, LKB), and cross-calibrated with the image data from the PET scanner.
Additional 5 mL arterial samples were obtained at 0, 5, 15, 30, 60, and 90 minutes after injection to estimate unmetabolized plasma radioligand concentration by the column-switch high-performance liquid chromatography method [9] .
Perfusion Ratios. Renal cortical TACs derived from the [
15 O]H 2 O PET scans were used to evaluate renal perfusion.
To obtain the perfusion ratio, the area under the curve (AUC) of each TAC was obtained within the time window defined by the time of onset of activity and the time of first peak activity of the two kidneys. The perfusion ratio between the IR kidney and contralateral kidney was calculated based on the assumption that the contralateral kidney had normal perfusion and could serve as a reference. For the contralateral kidney a perfusion ratio of 1 was used. For control kidneys, the AUC ratio between individual kidneys and the average of bilateral kidneys were calculated.
Tracer Kinetic Model for [
11 C]KR31173. Tissue radioligand activity was described as a sum of two activities: one including arterial activity ( ) weighted by the organ blood volume (BV) and another including proper tissue activity weighted by (1 − BV) and calculated as a convolution integral (⊗) of the arterial input function ( ) with the tissue impulse response function ( ):
A predetermined value of 0.15 was used for BV. This value was obtained in a separate group of four pigs by fitting the renal cortical time-activity curves within a shorter time interval of 12 minutes with inclusion of BV as the fifth unknown compartmental model parameter.
Radioligand concentrations were defined by a system of differential equations (2) that described nonspecific binding NS ( ) and receptor specific binding S ( ):
where 1 and 2 are compartmental rate constants of ligand exchange with nonspecific binding sites while 3 and 4 are compartmental rate constants of ligand exchange with specific binding sites ( Figure 2 ). The compartmental model described in (2) is based on the following assumptions: (a) arterial blood and tissue are connected in series, (b) tissue compartments are connected in parallel, (c) radioligand binding affinity at specific binding sites is always higher than the binding affinity at nonspecific binding sites in the same kidney, and (d) there is no exchange between specific binding and nonspecific binding. Therefore, the renal parenchymal impulse response function is a simple biexponential:
Ligand in plasma Non-specific ligand binding Specific ligand binding 
A specific-to-nonspecific binding ratio DVR was calculated as DV S /DV NS . The Levenberg-Marquardt algorithm [10, 11] was implemented to estimate parameters 1 , 2 , 3 , and 4 , with two approaches: a deconvolution approach and a convolution approach. For the deconvolution approach the impulse response function was calculated by deconvolution, and subsequently the compartmental rate constants were estimated by fitting the impulse response function between 2 and 80 minutes after injection. For the convolution approach fitting was performed on measured time-activity curves in the same time interval. For both approaches (i.e., convolution and deconvolution) the impulse response function was used in its analytical form (3). Processes of deconvolution and convolution were carried out in frequency domain as follows. For convolution the response function (time-activity curve; ( )) was described as the convolution integral (⊗) of the input function ( ) with the impulse response function ( ):
Equation (6) represents (5) in frequency domain:
Frequency-domain deconvolution analysis [12] included regularization by the third difference operator function c = [1, −3, 3, −1, 0, . . . , 0]:
For this equation was the Fourier transform of c, the symbol * represented complex conjugate of the Fourier transforms, and , , and were the Fourier transforms of ( ), ( ), and ( ) calculated by fast Fourier transformations (FFTs).
Hormone Levels and Blood Chemistries.
On the day of PET imaging blood and urine samples were collected for determination of angiotensin II, plasma renin activity, aldosterone, blood cell counts (white blood cell count, red blood cell count, and hemoglobin), chemistries (alkaline phosphatase, serum glutamic pyruvic transaminase, serum glutamic oxaloacetic transaminase, serum creatine kinase, serum urea nitrogen, and serum creatinine), and urine specific gravity and PH values. The purpose of these determinations was to search for any alterations in global kidney or liver function that could have a potential effect on the renin angiotensin system and the kinetics of the radiopharmaceutical.
Tissue Analysis.
Each animal (10 total: five controls and five IRs) was euthanized with pentobarbital at the end of the study. Both kidneys were extracted within 10 minutes of euthanasia and stored at −80 ∘ C for subsequent autoradiography. Each kidney was sectioned in a microcryostat at −20 ∘ C into 60-80 m slices that were then mounted on polylysinecoated slides (Polysine, Erie Scientific).
Autoradiography was carried out in an assay medium containing 150 mmol/L of NaCl, 1 mmol/L of EDTA, 0.1 mmol/L of bacitracin, and 50 mmol/L of NaPO 4 (pH 7.2). Tissue sections were preincubated for 30 minutes in the assay medium at 22 ∘ C to 24 ∘ C. The tissue sections were then incubated for 2 hours with [
angiotensin II (Ang II) in the presence or absence of the subtype selective angiotensin AT2R receptor antagonist PD-123,319 (1 mol/L) in order to determine total binding and specific binding as described previously [13] . The sections were then rinsed sequentially in water and assay medium without radioligand, rinsed again in water, and dried under a stream of cool air.
Autoradiography was performed on a Beta Imager (2000Z, Biospace, Paris, France). Digital autoradiography images were analyzed by using the software -Vision v.2.0. Each measurement was performed in triplicate.
Hypotheses and Statistical
Analysis. Differences in the parameters estimates for the three groups, ischemia reperfusion kidneys (IR), contralateral kidneys (CL), and control kidneys (C) were tested. In vitro parameters included total binding and AT1R specific binding. In vivo binding parameters included 1 , 2 , 3 , 4 , DV NS , DV S , and DVR and were obtained by the convolution and deconvolution approaches. Retention parameters were calculated from the measured tissue activity curve ( ret ) and from the impulse response function ( ret ).
Group statistics were characterized as mean ± standard deviation. Two way comparisons were tested with simple and paired -tests; three way comparisons were tested with analysis of variance (ANOVA).
The first hypothesis was that there would be a positive correlation between rate constants obtained with the convolution and deconvolution techniques and between the various in vitro and in vivo binding parameters. This hypothesis was tested by one tailed Pearson correlation.
The second hypothesis was that imaging times can be shortened with less than 10% bias in the binding parameters DVR and ret . The effect of imaging time on the distribution volume ratio DVR obtained with the convolution approach at each time point was compared with the value obtained with the total imaging time (midscan time point 87.5 min, total imaging time 90 min) as a reference. For this test DVR was calculated for the following midscan time points: 42.5, 47.5, 52.5, 57.5, 62.5, 67.5, 72.5, 77.5, and 82.5 min, and for the reference time point of 87.5 min. The bias of DVR was obtained at each time point as
BIAS ret was obtained for each of the time points in the same manner. The DVR values for the last time point from all 12 kidneys were considered to represent a true pattern while the DVR values from the other 9 time points were investigated by factor analysis whether they would display the same pattern. Factor analysis is a computational technique employed to uncover hidden structures (patterns) within a dataset based on mutual correlations of the data. The dataset in this work was represented by all measurements of ret and DVR obtained at the 10 listed time points. Factor analysis was employed as a confirmatory test whether the binding parameter ( ret or DVR) could be reproduced at these 10 imaging time points. DVR and ret values obtained for the 10 time points were analyzed separately by principal component based factor analysis by reducing the ten measurements to a linear combination of 2 factors and 2 factor load vectors.
The third hypothesis was that the relationship (pattern) of the binding parameters among the 12 kidneys could be upheld despite shorter imaging times. Factor loadings of 0.800 or higher on the first factor were used as criteria satisfying this hypothesis. For factor analysis factor extraction was obtained by principal component analysis, and factor rotation was carried out by the Varimax technique (IBM SPSS Statistics, IBM Corporation Software Group Somers, NY, USA).
Results
Hemodynamic Effects.
Angiography confirmed successful occlusion of the left renal artery in the animals that underwent the procedure for 60 minutes as well as complete reopening on reperfusion (Figures 3(a)-3(c) ). One week after intervention MRA images demonstrated patent bilateral renal arteries in both the IR and the control animals ( Figure 3(d) ). The [ 15 O]H 2 O PET study showed no significant difference suggesting anatomical interruption of blood flow (simple -test > 0.05) between the control kidneys (perfusion ratio 0.865 ± 0.093) and IR kidneys (perfusion ratio 0.809 ± 0.214) although there was a slight perfusion predominance of the right kidney in all animals. No significant effect of IR was observed on the levels of angiotensin II, plasma renin activity (PRA), and aldosterone ( > 0.05) ( Table 1) or on the values of blood chemistries and urine specific gravity and PH values ( > 0.05) ( Table 2) . Therefore there was no systemic chemical or hormonal evidence to suggest the presence of renovascular hypertension or any degree of renal failure.
In Vitro Receptor Binding.
A typical autoradiography image of a coronal slice of the whole kidney is shown in Figure 4 (a). The image shows higher binding in the medulla. Since under in vivo conditions radioligands predominantly kidneys, kidneys contralateral to IR kidneys, and control kidneys ( Figure 5 ). AT1R specific binding was defined as 
In Vivo Radioligand
Binding. Transaxial PET scan images were used for ROI placement and curve generation for quantification of in vivo binding (Figure 4(b) ). Excellent curve fits were achieved both with the convolution approach (Figure 4(a) ) and the deconvolution approach (Figure 6(b) ). The impulse response function was unequivocally biexponential in shape (Figures 6(a) and 6(b) ), in line with a two-tissue compartment model. The marked dissimilarity between the fast (nonspecific) and slow (specific) binding components was also consistent with a parallel model.
Three-way comparisons of parameters showed no significant group effects between C, IR, and CL kidneys. The ANOVA values were between 0.111 ( = 0.896) and 3.088 ( = 0.095). Also, two-way comparisons revealed no parameter differences between IR and C kidneys or between CL and C kidneys e Simple t-test of the differences between contralateral kidneys and controls. The differences are not significant ( > 0.05). Table 4 : Correlations between parameters and distribution volumes obtained with the two fitting methods (e.g., convolution versus deconvolution). All correlations are significant ( < 0.005). Also the correlation between the ligand retention parameters Y ret and f ret is significant ( < 0.005). (Table 3) . Correlations between the corresponding binding parameters derived by the convolution and deconvolution approaches were significant ( = 0.845-0.993) concurrently with the significant correlation between ret and ret (Table 4 ; = 0.900). The most important correlations are displayed as scatterplots with the fitted regression lines for the following parameters: DVR convolution versus DVR deconvolution (Figure 7(a) ), ret versus ret (Figure 7(b) ), and DVR convolution versus ret (Figure 7(c) ), DVR deconvolution versus ret (Figure 7(d) ). Each one of these correlations is significant ( > 0.9).
The most reliable (reference) value of DVR was calculated including data points up to 85.7 min (total imaging time 90 min). The effects of shortened imaging times were investigated by calculating the DVR using earlier time points and comparing them to the reference. The bias of DVR was less than 10% for time points 57.5 min and higher (total imaging time at least 60 min) while the bias of ret was less than 10% for time points 82.5 min or higher (total imaging time at least 85 min). Principal component based factor analysis of DVR values of the 12 kidneys obtained with multiple time points showed that with two factors 99% of the total variance could be explained for DVR and 96% of the total variance could be explained for ret . All values of DVR calculated at time points 47.5 min or longer showed mutual correlations with loading values on the first factor of >0.9 ( Table 5) .
The reference value of the retention parameter ret was calculated using the 85.7 min time point (total imaging time of 90 min). The effects of shortened imaging times were obtained by calculating the ret at earlier time points and by analyzing the set of ret values by factor analysis. The results for ret were less favorable than the results for DVR. Although the correlation between the ret values obtained with different end time points was high (factor loadings 0.843-0.977), an acceptable bias of less than 10% was only achieved at time points 82.5 and 87.5 min (total imaging times of 85 and 95 min). This corresponded to a minimal required imaging time of 85 minutes (Table 6 ).
Discussion
The goal of this project was to investigate the applicability of a tracer kinetic model that is based on three compartments (one blood and two tissue compartments connected in parallel) for quantitative analysis of the renal kinetics of [
11 C]KR31173. Previously, tissue binding of this radioligand was described by the retention parameter calculated from the ratio of the 80 min value divided by the maximal value of the impulse response function. The retention parameter was found to be increased in renal ischemia, an important in vivo finding that was confirmed by in vitro autoradiography which demonstrated increased binding of [
The parallel model applied here is different from the typical kinetic models of brain PET receptor studies. For brain PET receptor studies the established catenary tracer kinetic model consists of one extracerebral compartment represented by blood and two intracerebral compartments represented by nonspecific (nonreceptor) binding and specific (receptor) binding. In early brain receptor studies a mammillary model [15] was proposed which included four compartments: (1) an extracellular free radioligand compartment which was connected via bidirectional tracer transfer with three additional compartments, (2) plasma, (3) nonspecific binding sites, and (4) specific binding sites [4] .
The four-compartmental model was not applicable for most radioligands due to an insignificant difference between the turnover rates of the free ligand and the nonspecific binding compartments. As a consequence, the two compartments were combined together changing the compartment model structure from mammillary to catenary. An overly complex model results in over parameterization with a lack of ability to discern the individual compartments and estimate their rate constants robustly. Model simplification is achieved by combining compartments together at rapid equilibrium or with kinetics computationally inseparable relative to the data acquisition time. In brain receptor PET studies the most effective simplification was achieved by combining the compartment of free radioligand with the compartment of nonspecific binding for multiple reasons; the two compartments are located on the tissue side of the blood brain barrier, the two compartments are either at or in rapid equilibrium, or the two components have similar turnover rates.
The most important rationale for the serial connectivity model in PET studies of the brain is the blood brain barrier. The radioligand has to cross this barrier before it is distributed in the tissue and binds to the receptors. Model identification and parameter estimation are complicated by the fact that the impulse response function of the serial model does not directly reflect the individual impulse response functions. Its components are mutually affected by the process of convolution. The slow nonspecific binding turnover prolongs specific binding and vice versa.
A more simple parallel connectivity model is therefore proposed here for the kidney. In the kidneys there is no blood tissue barrier involved, and instantaneous binding occurs at the endothelial surface of the vasculature and glomeruli with both specific and nonspecific binding sites [16] . Previously, we have demonstrated high density of the AT1R in cortical glomeruli [17] . The resulting impulse response function is a linear combination of the two individual impulse response functions. Both are weighted by their association rate constants 1 and 3 . Urinary excretion of [
11 C]KR31173 is minimal [18] . Computationally the parallel model requires only one convolution step between the arterial input function with the impulse response function. Both in the time-activity curves ( Figure 6(a) ) and in the impulse response function (Figure 6(b) ) the separation of the two binding components was visually apparent and computationally straightforward.
Measured tissue time-activity curves are often significantly affected by the input function. The effect of the input function is removed by the process of deconvolution which results in an ideal time-activity curve called the impulse response function. The impulse response functions of the 12 kidneys are shown in Figure 6 (b). The large difference in the amplitude and washout of the two components again implicates parallel connectivity. The vascular compartment that would appear as a separate peak is indiscernible from the fast nonspecific binding component, which points toward high first pass extraction of the radioligand. The ratio of 1 to 3 is approximately 4 : 1.
In this study [ 15 O] water was only used to estimate relative blood flow differences between the two kidneys of the same animal assuming that one kidney is always normally perfused. Arterial blood sampling for absolute quantification was not attempted in order to minimize the effects of blood loss on the renin angiotensin system. One could, however, consider using the peak value of the impulse response function for estimation of renal blood flow. The average total first pass uptake ( 1 + 3 ) was 1.324 ± 0.588 mL/min/mL, which corresponds to an average renal blood flow of 1.891 mL/min/g assuming an organ density of 1 g/mL and an arterial blood hematocrit of 0.3. This average value is comparable to measurements obtained with [
64 Cu]-ETS, a radioligand recently used for quantification of renal blood flow with PET [19] .
The average 2 was 0.309 ± 0.107 min −1 equivalent to an average turnover time of 3.5 min since the two parameters are reciprocal. This turnover time includes nonspecific binding and may also include tubular excretion. However, since only one fast component was detected (Figure 6(b) ), there was no way to separate nonspecific binding from urinary excretion. Furthermore, the fast component was monoexponential without a hint of a plateau or delay time to imply tubular excretion. Thus, this model included no excretory component although such a component may become more relevant in urinary obstruction, for example, situations where transport in the tubular lumen and collective system is delayed. The ratio between 1 and 3 was 4.9.
The average value of the parameter 4 from the convolution approach was 0.013 ± 0.002 min −1 corresponding to a mean turnover time of 82 min. This is more than 20 times longer than the turnover time of the fast component, a difference that facilitates differentiation of nonspecific binding (high capacity/low affinity) from specific (low capacity/high affinity) binding. Selectivity of [
11 C]KR31173 for AT1R has previously been demonstrated [2] .
Parameter estimation with the deconvolution approach includes two steps. In the first step the impulse response function is calculated by deconvolution analysis [20] . In the second step the parameters are estimated by least squares fitting of the impulse response function defined in (3) . Although this two-step approach appears more complex than the convolution approach, it offers the advantage of a visual investigation of the impulse response function (Figure 6(b) ). A second advantage of the deconvolution approach is that for least squares curve fitting the impulse response function is calculated analytically eliminating the need for numerical integration. The similarity between the biexponential shapes of the TACs and impulse response functions can be explained by a short bolus resulting in rapid elimination of the radioligand from the circulation.
Another advantage of the parallel compartmental model is that two distribution volumes (DV S and DV NS ) can be calculated from their rate constants and used for calculation of the distribution volume ratio DVR. The average DVR was 4.831 ± 1.922 and on an individual basis showed a high correlation between the two tested computational algorithms (Figure 7(a) ). This observation further corroborates the robustness of the parallel connectivity model.
The retention parameter ret also correlated with DVR obtained by convolution while ret correlated with DVR obtained by deconvolution (Figures 7(c) and 7(d) ). There was also a positive correlation between ret and ret ( Figure 7(b) ) which is explained by a short input function. This short input function is the result of multiple factors: (a) rapid injection, (b) rapid removal of the radioligand from circulation, (c) lack of significant recirculation, and (d) lack of significant radioligand metabolism.
Factor analysis demonstrated that the same pattern between the 12 kidneys could be obtained for both ret and DVR when the total measurement time was 45 min or longer. The bias of DVR was less than 10% for imaging times of 60 min or longer. However, to achieve less than 10% bias in ret a total imaging time of at least 85 min was required. In other words, without compartmental modeling the total scanning time has to be at least 85 min while with compartmental modeling the total time can be shortened to 60 minutes. The factor loads also demonstrated that reproducibility of DVR was higher than reproducibility of ret . Therefore, compartmental modeling can help shorten the imaging time from 90 min to 60 min at acceptable parameter bias and acceptable pattern reproducibility. Shortening of imaging times and avoidance of arterial blood sampling will facilitate application of this novel receptor imaging technique in humans. Further studies are needed to investigate whether an image derived input function can replace the input function obtained by arterial blood sampling.
Previously our group demonstrated increased AT1R binding in chronic renal artery stenosis with no reperfusion in pigs [2, 21, 22] . The data presented here show that 60 minutes of renal artery occlusion did not result in significant changes in AT1R receptor binding one week after IR. Renal artery occlusion for 60 minutes has been used by several authors [23, 24] . The lack of effect should be considered reliable since the results with in vitro and in vivo studies were comparable although these are two entirely different techniques: the first one (in vitro autoradiography) is independent and the second one (in vivo PET) is dependent on tracer delivery by circulatory transport.
Conclusion
The presented data support the applicability of the threecompartment model with two tissue compartments connected in parallel for description of the kinetics of the AT1R selective radioligand [ 11 C]KR31173 in the kidneys. Computationally, this model is less complex than the serial model and provides quantitative estimates of the ligand kinetic parameters and ligand binding parameters. This model will facilitate molecular mapping of renal AT1R and address scientific hypotheses on the in vivo regulation in clinical settings of renal hypoperfusion, transplant nephropathy, and obstructive nephropathy.
